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Abstract 
The paper demonstrates the profiles of electricity consumption in the low energy housing sector using various time frames, and 
provides a solid basis for energy estimation by analysing actual 12 month electricity data from 60 comprehensively monitored 
low energy houses in Australia’s leading sustainable green village (Lochiel Park), located in South Australia. The results 
highlight that although considerable electricity reduction is achieved in low energy houses, the outdoor ambient air temperature is 
still a highly influential factor that determines the total and peak demand in these houses. It also suggests that energy estimation 
should focus on residents’ basic life style and appliance usage behaviour. The results presented here can be used to refine end-use 
electricity demand modelling for low energy houses in South Australia, and can hence assist the design of electrical infrastructure 
requirements in new low energy housing developments.  
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1. Introduction 
The energy demand in the residential housing sector has dramatically increased in Australia and other parts of the 
world during last two decades and this increasing trend is predicted to continue in the future [1]. Although there are 
different figures quoted in the literature, it is agreed that the energy consumption of the residential sector accounts 
for at least 15% of the total energy. This figure is as high as 50% in a country such as Saudi Arabia [2, 3, 4, 5]. 
According to the latest estimate of Australia’s energy consumption, the residential sector accounted for 453 PJ or 
11.5% of Australia’s total energy consumption of 3942 PJ in 2011-2012 [6]. 
Policies and technologies have been introduced to reduce the end-use electrical demand and improve thermal 
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efficiency of houses. Among them, a number of counties have built various low energy houses(LEHs) with high 
levels of thermal comfort and integrated renewable energy technologies, such as solar hot water and photovoltaic 
(PV) electricity generation [7]. In South Australia, newly built houses are to achieve at least 6-star level for building 
envelop performance from September 2010 by a requirement under the Development Act 1993 [8]. This is 
equivalent to a house requiring 96 MJ/m2/year to maintain thermal comport according to the Nationwide House 
Energy Rating Scheme (NatHERS) Star band criteria. Thus, the energy demand of residential houses seems to show 
somewhat different features in the future. As less energy is required for heating and cooling (H/C) as well as the 
improvements in appliance efficiency, it is expected that household energy demand profile will change in the future 
[9].  
Energy demand estimation is crucial for providing a stable electricity supply and establishing relevant capacity of 
the grid network. End-use peak demand reduction has long been a concern in order to reduce the cost of electrical 
power generation and transmission infrastructure and to realise self-sufficient energy houses in recent years [10, 11, 
12, 13]. Various methods have been used to estimate energy consumption, including extrapolation from surveys for 
household characteristics, appliances penetration rate, energy usage billing data from electricity retail companies, 
and top-down/bottom-up energy modelling etc. However, these methods have limitations, e.g. a large scale survey-
based studies with electricity supplier’s energy bill do not provide high resolution energy demand profile, but only 
total energy consumption or seasonal variation [14]. 
Actual load monitoring has been used to overcome the errors and limitation in conventional houses and newly 
built LEHs in many countries [9, 15, 16, 17]. The ultimate goal of energy monitoring is to achieve accurate energy-
demand estimation and to facilitate efficient energy management based on energy usage characteristics. This type of 
analysis is vital for estimating peak demand levels and time, evaluating the impacts of specific energy policy 
measures , and progressing towards zero energy housing [4]. Reliable monitoring data is also essential for to validate 
various appliance energy labelling programs [18]. However, a monitoring study requires considerable complexity, a 
sufficiently long time frame, high cost and dweller’s cooperation. Previous monitoring data for residential houses 
have demonstrated that the energy consuming patterns depend on geographical characteristics, season, house type, 
the characteristics of tenants and sampling targets, etc. [2, 7, 19].  
Nevertheless, there is a still a lack of empirical evidence of household electricity demand, even though there are 
plenty of variations in electricity consuming pattern of each house. In addition, available energy usage profiles 
studies are generally small scale, with a small sample size and in need of updating.[20, 21]. Consequently, 
understanding the electricity demand of LEH by actual monitoring is still required in various climate zones. 
This study demonstrates the electricity usage patterns of 60 LEHs in the Lochiel Park (LP) Green Village, a 
recent low energy housing development in South Australia which has moderate and hot climate. This represents 
Australia’s most comprehensively monitored housing development and aims to provide an insight and evidence on 
how LEHs consume electricity. 
2. Monitoring system and Data Processing  
The LP Green Village, officially launched on 11 October 2009 [22], is located 8km north-east side of Adelaide 
CBD with 103 low-energy dwellings (80 detached houses and 23 apartments) [9]. The houses must meet strict urban 
design guidelines [23] such that development targets are met, e.g. 66% energy demand and 74 % greenhouse gas 
emission reductions. These targets are met by reducing the need for auxiliary H/C, integrating solar technologies, e.g. 
appropriate solar orientation, PV & solar water heating, high level of insulation and  double glazed windows to 
reduced thermal comfort energy demand. Each LP house requires a minimum of  1.0 kWp solar PV system per 100 
m2 of habitable floor area [24] and has an in-home monitoring system (EcoVision) installed. The data from these 
monitoring systems are used in this study.  
Fig. 1 shows the components of the in-home monitoring system. The energy consumption of the103 dwellings 
are being comprehensively monitored by a programmable logic controller (PLC), intelligent meters and displayed 
on an in-home display [9]. More information regarding the monitoring system including sensor details and 
resolution can be found in [9]. Only 60 houses are selected in this study due to the data reliability. Among the 
selected 60 houses, 10 houses additionally monitor indoor air temperature and relative humidity, up to 11 individual 
appliance electricity usage, and rain water tank levels; these are referred to as detailed monitoring houses. 
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Fig. 1. Overview of the monitoring system and data collection 
The data is recorded by sensors that are connected to a PLC and in-home display.  Data is also sent to the LP 
server by Ethernet and fibre optical cable [25]. Then, the data are stored in CSV files. Monthly bulk data with 1 
minute interval can be retrieved by remote desktop connection. In order to mitigate the variance from electricity 
consumption rate, the methodology contains the predetermined household characteristics to generate comprehensive 
electricity profiles. The collected one month bulk data were arranged into daily and hourly basis in different Excel 
sheets (e.g. Total electricity consumption, solar generation, electricity imported, electricity exported) after 
identifying missing or duplicated data using MATLAB (ver. R2013a) scripts/programs. Weather data is obtained 
from the Bureau of Meteorology (BOM) to investigate its influence on the electricity demand; correlation and 
regression analysis are performed by Minitab (ver. 16.1.0).  
3. Findings from total electricity usage 
3.1. Annual consumption 
Despite the larger than average house size, compared with existing SA houses, the data from the 60 monitored 
LEHs show that considerable electricity reduction has been achieved in this housing development. The average 
annual electricity consumption of the target houses is 5,178 kWh, with an average of 2.7 dwellers and 205m2 of 
habitable floor area. Fig. 2 illustrates a comparison between the LP houses and housing sectors in other Australian 
regions, and it shows that the LP houses are using only 71~86 % of electricity used by other housing clusters. The 
comparison data is either monitored data from Mawson Lakes (ML) houses gathered in 2002~2003 or modelled for 
South Australia (SA) in 2010 [9] and Campbelltown in South Australia in 2013 [26] whilst that for Sydney is billed 
in 2012~2013  [27]. It seems that the substantial drop is mainly due to house design and integrated technologies with 
high indoor thermal insulation and more efficient appliance installation. According to the urban design guidelines 
[23]. The figure demonstrates that the advanced house design and technologies provide higher electricity efficiency 
to the houses in LP village. 
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Fig. 2. The comparison of annual electricity demand with other housing sectors 
Although Fig.2 shows lower electricity demand of LP houses, a large variation of electricity demand is also 
identified among the monitored houses as indicated by previous studies of the LP village [28]. Fig.3 demonstrates 
that the highest frequency of annual electricity consumption is found at the 4000 kWh and 4500 kWh range and the 
highest household demand was around 11,000 kWh per annum, while the lowest household requires only slightly 
over 2,000 kWh. The home with highest demand requires more than 5 times the electricity required by the lowest 
home even though both have similar physical characteristics, two dwellers, around 190m2 of habitable floor area, 
same house type and number of bedrooms and bath rooms.  
 
 
Fig. 3. Distribution of total annual electricity consumption 
The results clearly demonstrate how the household energy use is closely related to the dwellers’ behavior 
patterns, life style and household characteristics, e.g. household size, presence of elderly/children, type of 
ownership, the level of education, income, heating area, presence of automatic thermostat, etc. Among household 
characteristics, two factors, the number of dweller and habitable floor area of the houses, were examined to identify 
the relationship with the electricity consumption. These two factors have been frequently studied and regarded as 
important components for energy modelling [29]. According to Fig. 4, an overall increasing trend of electricity 
consumption in proportion to both factors is identified even though both physical factors are not clearly explaining 
the large deviation of electricity consumption with R-Squared 20.2% and 8.1% due to small sample size and sample 
characteristics gathered in one or two specific data regions. Fig. 4 also depicts that the electricity demand increases 
for up to 4 dwellers but slightly decreases for 5 dwellers. The habitable floor area shows weak linear relationship 
with total electricity demand. This is similar to results reported in [28], which examined the energy consumption 
(including gas) of a smaller sample size within the same housing development.  
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Fig. 4. Linear regression analysis with (a) number of dweller and (b) habitable floor area 
These simple correlations with physical factors clearly demonstrate the limitation of correlation with physical 
factors as each household has its own typical behaviour and energy usage pattern. The results for some of the 
highest end electricity users can be explained by other factors such as non-standard appliances, underfloor heating, 
pool pump, etc. For example, three households demanding over 10,000 kWh per annum run businesses from home, 
one house uses underfloor heat pump, two houses have swimming pools, and one has higher compressor capacity 
for H/C, etc.  Those houses are suspected to use considerable energy so that more attention should be paid on 
dwellers’ behavior patterns and life style. 
3.2. Seasonal and monthly variation 
It is clearly seen that space H/C is the dominant energy demand area because the indoor thermal comfort for 
dwellers is one of the most important components for household daily life. Seasonal and monthly variation of 
electricity demand patterns are shown in Fig. 5, which demonstrates that more electricity is used during winter and 
summer, which reflects dweller’s H/C appliance use. The average electricity usage of winter marks the highest 
among the four seasons with 1,547 kWh which is followed by summer (1,360 kWh), spring (1,207 kWh) and 
autumn (1,054 kWh).  
 
Fig. 5. Seasonal and monthly variation of average electricity consumption 
A more detailed comparison is conducted between H/C seasons (summer and winter) and non-H/C seasons 
(spring and autumn) assuming that the appliances for space H/C are seldom used during spring and autumn. The 
results shows that average electricity demand per household is 1455 kWh during the H/C seasons and this figure is 
29 % higher than that of the non-H/C seasons (1131 kWh). The 29 % seasonal gap between those two periods can be 
considered as the contribution by the electricity demand for space H/C. This figure is quite close to results of 
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previous research conducted in the same village in 2011 and 2013 [9, 24], where other energy sources such as gas 
were included, and the electricity shares for thermal comfort are 23 %, 26%, respectively. The 3~6% differences of 
electricity demand between the figure (29 %) obtained from the above seasonal gap and the result (23 % and 26%) 
from previous studies presents additional electricity gain while dwellers are using other appliances beside space H/C 
appliances. According to the result of the above simple comparison, the electricity consumed for thermal comfort 
can be easily estimated. 
The electricity demand for space H/C estimated by the seasonal difference is also compared with the performance 
of eight detailed monitored houses which are collecting individual appliance data. Table 1 shows that estimated 
average electricity demand ratio of space H/C appliances is 25 %, which is 5.5 % more than actual monitored data. 
The expected cause of this difference is the use of some heating and cooling during the designated spring and 
autumn months.  
Table 1. Comparison between estimated shares with monitored data 
House 
ID 
Total 
[kWh] 
Summer 
[kWh] 
Winter 
[kWh] 
Spring 
[kWh] 
Autumn 
[kWh] 
A  B A - B 
[%] 
L26ST 8076.5 2220.5 2334.8 1725.4 1795.8 29.4 17.7 11.7 
L23SS 6264.8 1607.8 1789.5 1511.7 1355.9 18.5 26.8 -8.3 
L04FO 6252.1 1899.2 1534.6 1559.8 1258.4 21.8 15.8 6.0 
L22SS 5754.8 1377.6 2009.1 1188.5 1179.6 43.0 17.0 26.0 
L03TS 4420.4 1431.0 980.7 1086.8 921.9 20.1 20.1 0.0 
L62OF 4321.3 1319.6 1268.2 1024.2 709.3 49.3 30.0 19.3 
L06FS 3104.6 640.0 965.5 780.7 718.3 7.1 18.8 -11.7 
L02OZ 2612.2 739.4 629.7 684.9 558.3 10.1 8.8 1.3 
Average 5100.8 1404.4 1439.0 1195.3 1062.2 24.9 19.4 5.5 
A : Estimated share for pace H/C by seasonal difference  [%] 
= (Summer +Winter) – (Spring + Autumn) × 100 [%] (Spring + Autumn) 
B : Monitored share for space H/C [%] 
 
Furthermore, houses that consume more electricity per annum require more minimum electricity demand among 
months or among seasons. For example, the minimum electricity demand among four seasons is selected as the base 
electricity demand (BED). As expected, the BED is captured in spring or autumn making up around 20% of the 
annual total electricity consumption per household. As seen in Fig. 6, the BED of each house has a similar pattern as 
total electricity with 96% correlation, showing that houses using more electricity have higher BED; similar results 
are obtained with a correlation of 93 % with applying minimum monthly data as BED. The electricity for indoor 
thermal comfort is mostly consumed during the heating/cooling seasons. This implies that the ownership of 
appliances other than those used for heating and cooling, the patterns of their use and the household basic life style 
are reasonably linked to the minimum seasonal or monthly BED even though there is still uncertainty of dwellers’ 
behaviour. 
 
 
Fig. 6. The comparison between annual electricity consumption and minimum seasonal & monthly BED 
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3.3. Weekdays and weekend variation 
With regard to the weekday and weekend variation, the results show little difference in electricity consumption of 
weekdays and weekend, ranging from 712 kWh to 747 kWh per annum and the deviation of electricity demand is 
within ±2.4% from the average electricity as shown in Fig. 7. Slightly more electricity is used on Sunday and 
Saturday than weekdays. According to the family composition of surveyed target houses, it was expected that more 
electricity would be used during weekdays because several houses are occupied by retired residents and the houses 
occupied by younger aged group would have more outdoor activities during the weekend. However, the data shows 
that weekdays are similar to weekend days, which is also consistent with the results of the studies conducted in other 
geographical areas such as Hong Kong [30] and Sweden [16].  
 
 
Fig. 7. Comparison of electricity demand between weekend and weekdays 
3.4. Daily variation 
As discussed in section 3.2, over 20 % of electricity is consumed for indoor thermal comfort and the temperature 
is considered as a main parameter driving this demand. Fig. 8 shows that the daily total electricity consumption to be 
closely related to outdoor temperature. As shown in Fig. 8 (a), the average daily electricity use is clearly explained 
by the function of maximum daily outside temperature with 65 % of R-Squared value and it is also dependant on 
outside temperature using a quadratic equation. Threshold temperature of electricity demand for H/C is around 27°C 
and 19°C of daily maximum temperature.  
Since LEHs use less energy for space H/C, it has been anticipated that the impact of outside temperature would 
be less prominent in LEHs. However, the results demonstrate that the outside temperature is still the main influential 
factor for electrical energy demand even in LEHs. More specifically, electricity consumption for eight detailed 
monitored houses was also analysed to provide insight into the effect of all other appliances except space H/C 
appliances. As seen in Fig. 8(c), even though there is still wide deviation between outside temperature and the 
electricity demand by all other appliances, the relationship between them shows a somewhat weak quadratic 
relationship. In a similar way, Fig.8 (d) demonstrates a slight increase of electricity demand by space H/C appliances 
with higher energy use of other appliances. It is assumed that appliances, which are influenced by ambient 
temperature such as lighting and refrigerators, and generally on days when occupants stay at home and use other 
appliances for longer durations, more energy is used for heating and cooling.   
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Fig. 8. Regression analysis of eight monitored LEHs by outside temperature 
3.5. Hourly variation 
Fig. 9 illustrates the average hourly electrical demand during weekends, weekdays, seasons and a whole year. 
Hourly usage patterns of weekdays and weekend show quite different feature even though they start to increase at 
05:00 and peak demands occur at the same time slot at 19:00. The weekday pattern has a clear morning peak at 
08:00, and then drops until 10:00 and shows a weak lunch peak. However, the weekend pattern lags behind the 
weekday pattern until 09:00 and continuously increases until 16:00 showing the opposite shape. The different 
features are quite understandable because people usually start later during weekend mornings and generally spend 
more hours at home during the time slot from 10:00 to 18:00 while they spend more time at work or on outdoor 
activities at the same time slot during weekdays. The figure clearly demonstrates how life style considerably affects 
the electricity demand pattern. 
 
 
Fig. 9. Hourly electrical demand of weekend, weekdays, seasons and year 
With regard to seasonal patterns, winter and summer have unique usage patterns. Especially, winter has 
exceptionally high morning and evening peaks. It is assumed that large proportion of the peaks are caused by the 
effect of outside temperature because higher heating demand is generally expected in cold winter morning and 
evening in this climate region. It is also though that more electrical energy is used in winter mornings and evenings. 
After the morning peak, the demand reduces until 16:00 when a rebound occurs, which can be also explained by 
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reduced heating load due to the reduced occupancy and increase of outdoor temperature during this time slot. As 
mentioned in section 3.2, more electricity is required during winter than other seasons, and this hourly pattern 
confirms this. However, a morning peak is not found in the summer pattern because the cooling load is continuously 
required along with the increasing outside temperature. Autumn shows a similar feature as spring with overall 
higher electrical demand during the evenings due to increased occupancy and increased use of cooking, washing, 
lighting, computing and entertainment appliances.  
4. Discussion  
The paper has demonstrated that considerable electricity reduction has been achieved in the monitored LEHs. 
The LEHs at Lochiel Park consume 24~29% less electricity than average house energy consumption in Australia. 
The results demonstrate that LEHs have benefited from passive solar design, energy efficient materials and 
appliances as specified in the urban design guidelines [23]. However, it is also identified there is wide range of 
deviation in electrical demand among the houses and the deviation is not strongly linked to the number of residents 
and habitable floor area. Instead, it is related to the typical energy usage environment of each household. According 
to the simple comparison between LP houses and data from South Australia in 2010, it is shown that the H/C 
appliances account for over 30% of electricity reduction and the electricity portion of non-H/C appliances rather 
increases. This trend indicates that the relative significance of non-H/C appliances increases in low energy housing 
and more attention should be paid to the energy usage of non-H/C appliances, such as refrigerators, washing 
machines, lighting, information, communication and entertainment appliances. In addition, the BED which removes 
the effect of H/C appliance has strong positive linear relationship with annual total electrical demand. It also implies 
that the residents’ appliance use and energy consuming behaviour are the most significant attribute for such a large 
deviation. Furthermore, this study confirms that the outside temperature still has a crucial impact on the total 
electricity usage even in LEHs. The electricity share for space H/C can be estimated by the difference between 
average electricity demand by H/C seasons and that of non-H/C seasons. It is shown that the estimated electricity 
share for space H/C, calculated by seasonal differences, is 3~6% higher than those of actual data from detail 
monitored houses samples.  
5. Conclusion 
The electricity usage profile of LEHs in the Lochiel Park Green Village, with the benefit of the most 
comprehensively monitored residential estate in Australia, presents strong practical evidence on actual energy usage 
patterns in a low energy housing estate. The analysis of detailed monitoring data has enabled better understanding of 
the quantities as well as the patterns on energy consumption. Particularly, the role of H/C appliances is crucial even 
though their electricity demand is reduced, and the outside temperature is still a major factor for determining the 
electricity consumption. The large deviation of electricity usage among households is related to the base electrical 
demand which is caused by non-H/C appliance ownership, the pattern of the appliance usage and their basic life 
style. Therefore, energy estimation should focus on life style and appliance usage behaviour of residents instead of 
physical factors such as number of residents or floor size. This data have been utilised to establish empirical 
relationships for electricity estimation, modelling and developing future energy policy options. While this study has 
focussed on overall electricity demand and usage patterns of LEHs in a single Australian climate zone, higher depth 
of monitoring and analysis on specific appliances is required in order to identify the detailed electricity usage 
patterns. Future investigations should include other climate zones and a range of resident demographics. 
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